hyperpolarizabilities and ground sate dipole moments were done to understand the origin of the effects.
Introduction
Due to their ultrafast response time, easier processing, lower dielectric constant and higher nonlinear optical coefficients compared to conventional inorganic crystals and semiconductors, organic second order nonlinear optical materials have received more and more attention for their potential applications in high speed electro-optic conversion devices [1] [2] [3] [4] [5] [6] [7] . The performance of electro optical (EO) devices in half-wave voltage, insertion loss and stability has increased. Thus, the performance of organic nonlinear optical materials should also be improved for electro optic coefficients, thermal stability, photochemical stability, long-term stability and optical loss [8] [9] [10] [11] [12] . Though many organic second order nonlinear optical chromophores exhibiting large macroscopic nonlinear optical coefficients in poled guest-host Abstract Organic nonlinear optical materials have been widely explored because of their advantages in the design of materials with large electro-optic coefficients used in the fabrication of novel optoelectronic and telecommunication devices. However, the huge dipole-dipole interactions between organic nonlinear optical chromophores have limited further improvements in the electro-optic coefficients and long-term material stability. Here, a novel polymer based on poly(aryl ether ketone) was designed and prepared to enhance the electro-optic coefficients and achieve higher long-term stability. This novel poly(aryl ether ketone) has a relatively high glass transition temperature and offers active functional groups for the attachment of organic nonlinear optical chromophores. After attachment of nonlinear optical chromophores the materials showed higher chromophore loading density, less inter-molecular interaction, and suitable solubility. This resulted in better film-forming ability, higher electro-optics coefficients and better long-term stability. Quantum chemical simulations of the second order polymers have been reported in the past two decades, it is very difficult to find organic second order nonlinear optical materials that have both large electro optic coefficients and long-term stability [13] [14] [15] [16] [17] [18] . Due to the large EO coefficients of about 42-78 pm/V (all the EO parameters are given at wavelength 1.3 µm) at low chromophore loading density (10 wt%), chromophore CLDs have been widely studied, but their thermal decomposition temperature is very low (~180 °C) [53] .
To solve this problem, researchers have focused on either the preparation of novel host polymers containing nonlinear optical chromophores in the main chains with high glass transition temperatures or they have introduced cross linking groups into the electro optic polymer systems [19] [20] [21] [22] [23] [24] . Else, some advanced material structures (binary system) and poling or devices preparing technologies (slot electrode structure) were added to organic EO materials. Due to these advanced structures and technologies, the EO coefficients have been improved significantly (up to 300 pm/V) in the recent years .
Long-term stability could be improved in both systems. However, many new problems have emerged. In the first system, the nonlinear optical chromophores are hard to align, and the solubility is usually very poor [25, 26] . For the second system, the design of cross linkable groups is very difficult. Both of the cross linking conditions and the chemical stability of the chromophores in the cross linking process should be considered [27] [28] [29] [30] . Fortunately, a compromised method was proposed: nonlinear optical chromophores were attached to the polymers with high glass transition temperatures as the side chain [31, 32] . This system demonstrates many advantages in solubility, homogeneity and loading density of nonlinear optical chromophores.
Two major approaches have been applied to the synthesis of side-chain nonlinear optical polymers. The first one is that the chromophore was functionalized with suitable groups to give a monomer. This is critical for the chromophores to bear the harsh conditions during polymerization, but it limits the selection of the chromophores. The second approach is to covalently connect the chromophore to the pendant side chain of the polymer, which we call post-functionalization. The advantage of post-functionalization is that different types of chromophores can be introduced into the polymer backbone [33] [34] [35] [36] [37] .
Novel EO chromophores were predicted based on the optimization of a planar π-conjugation bridge and donor-acceptor moieties [54] . Most of the following approaches focus on prevailingly intra-molecular charge transfer. The latter is a transition of electrons from ground state to excited state and creation of principal medium polarization. Here very popular is oversimplified two-state approach that can be presented as:
where μ ee and μ gg are the excited and ground state dipole moments, respectively; μ ge is the transition dipole moment between the ground and excited states; and ΔE ge is the energy interval between the ground and exited states.
Following the Eq. (1), one can see that the main efforts to enhance the corresponding nonlinear optical properties should be devoted to the charge space separated contribution through the following ways: (1) improving the electron withdrawing ability of the acceptor groups and the electron donating ability of the electron donor groups; (2) introduction of auxiliary donors or acceptors; and (3) extension of the electronic bridge.
Poly(aryl ether ketone) combines polymers with a linear chain composed of alternating aromatic rings and ketones or ether groups. This coexistence offers a good thermal stability, chemical stability, and mechanical properties. The shape and glass transition temperature should be considered with respect to the application of nonlinear optical materials. By adjusting the ratio of different monomers, such a polymers could exhibit an amorphous or semi crystalline form with respect to the known polymer chromophores. A higher glass transition temperature could be reached at higher contents of ketone linkages due to more rigid ketone structure. This property is convenient for us to adjust the glass transition temperature.
In this paper, bisphenol A, 4,4-bis(4-hydroxyphenyl) pentanoic acid and 4,4′-difluorobenzophenone are used as monomers. The carboxyl group in 4,4-bis(4-hydroxyphenyl) pentanoic acid can be applied to attach nonlinear optical chromophores. Polymers with a glass transition temperature of 158 °C were chosen for the fabrication of electro-optics polymers because they have higher thermal stability of nonlinear optical chromophores. Chromophores with different electron acceptors and modified groups are also designed and prepared. The chromophores were attached to the polymer by post functional technology, which ensured that the chromophores were efficient. The thermal stability, electrooptics activity, solubility and long-term stability of the electro optic polymers will be presented below. It is necessary to add that these chromophore are also promising for the optical second harmonic generation.
Results and discussion

Synthesis of chromophore TCF-G and TCP-G
The structure of chromophores TCF-G and TCP-G are shown in Fig. 1 . Chromophore TCF-G is formed by the
,5-trimethyl-5H-furan-2-ylidene)-malononitrile electronic acceptor and the carbon-carbon double bond electronic bridge. The donor-π-acceptor structure confirms the non-centrosymmetric structure of this chromophore. Chromophore TCP-G was formed by an
malononitrile electronic acceptor, a carbon-carbon double bond electronic bridge and a 3,5-bis-(2-ethyl-hexyloxy) benzyl-modified group. The large modified group confirmed the sufficient distance between the chromophores and improved the solubility of the chromophore. The synthesis of chromophore TCF-G and TCP-G has been reported in our earlier papers [28, 38] . They are both synthesized by a Knoevenagel condensation reaction [17, 19] .
Synthesis of EO polymer P1 and P2
The structure of the EO polymer P1 and P2 are shown in Fig. 1 . A novel poly(aryl ether ketone) polymer was postfunctionalized using organic second order nonlinear optical chromophore TCF-G and TCP-G. Compared with the common used polymethylmethacrylate (PMMA) host polymer, the rigid structure of polymer P confirmed the regularity of the polymer segments and high glass transition temperature, which favors the high poling ability and good long term stability. Compared with the common used polycarbonate (PC) host polymer, the ether linkage of polymer P performed stronger chemical stability than ester linkage in PC. This property afforded a positive role in the process of post-functionalization. Else, the electron donating ability of ether bond and electron withdrawing ability of ketone bond in the main chain afforded the host polymer of P with electron noncentrosymmetric structure. Though the first-order hyperpolarizability of polymer P is not too strong, it can help us to improve the poling efficiency and long term stability by the inter-molecular inducing interaction. Bisphenol A, 4,4-bis(4-hydroxyphenyl) pentanoic acid and 4,4′-difluorobenzophenone were used as the monomers. Aliphatic nucleophilic substitution was used in the preparation process. The reaction process is similar to the preparation process of normal poly aryl ether: (1) bisphenol A or 4,4-bis(4-hydroxyphenyl) pentanoic acid monomer reacted with potassium carbonate affording us negative oxygen ion; (2) negative oxygen ion was used as a nucleophilic reagent and reacted with 4,4′-difluorobenzophenone affording the Meisenheimer complex compound; and (3) the fluorine atom was reduced, the aliphatic nucleophilic substitution process was finished and the backbone polymer was fabricated. In this reactive process, the formation of Meisenheimer complex compound was rate-determining step due to the high energy level of the complex compound.
The 4,4-bis(4-hydroxyphenyl) pentanoic acid was a specific and principal monomer: (1) the phenolic hydroxyl groups could react with 4,4′-difluorobenzophenone affording us the backbone of the polymers; (2) the carboxyl group reacted with many groups that helped us to introduce the functional small molecules to the backbone of the polymers as a side chain. The reaction between the carboxyl group and hydroxyl group-affording ester is widely used in the post functionalization of polymers. In this paper, N,N′-dicyclohexylcarbodiimide (DCC) and 1,4-dimethylpyridinium p-toluenesulfonate (DPTS) were used as the dehydrating agent and the catalyst, respectively. Due to the mild reactive conditions (ambient temperature), weak alkalinity and high yield, this esterification process was suitable for the preparation of side chain nonlinear optical polymers.
All chemicals are commercially available and used without further purification unless otherwise stated. Chromophore TCF-G and TCP-G were prepared according to the literature [43] . 1 HNMR spectra were measured by an Advance Bruker 400M (400 MHz) NMR spectrometer (tetramethylsilane as internal reference). The FT-IR spectra were determined by Bruker Tensor spectrometer. The UV-Vis experiments were performed on Cary 5000 spectrophotometer with spectral resolution 1 nm. The glass transition temperature was determined by Q20DSC (TA co) with a heating rate of 10 °C min −1 under nitrogen.
Synthesis of poly(aryl ether ketone) polymer P
The 4,4-bis(4-hydroxyphenyl) pentanoic acid (3.58 g, 12.50 mmol), 2,2-bis(4-hydroxyphenyl) propane (2.85 g, 12.50 mmol), potassium carbonate (7.00 g, 36.23 mmol), 60 mL dimethyl sulfoxide and 30 mL toluene were added to the flask. The mixture was refluxed at 120 °C under nitrogen for 2 h. After the toluene was distilled, the 4,4-difluoro-benzophenone (5.45 g, 25.00 mmol) was added and the temperature was increased to 170 °C and held there for 10 h. Next, the sample was cooled to ambient temperature, and the mixture was divided into liquid and solid phases. After the liquid phase was removed, the solid was dissolved in 300 mL of a mixture of tetrahydrofuran and concentrated hydrochloric acid at a volume ratio of 3:1. The solution was then poured into 3000 mL amount of water and stirred for 20 h. 
Preparation of the EO films
The 0.2 g of P1 or P2 was dissolved in 1.0 mL cyclopentanone and stirred for 5 h. The mixture was then filtered with a 0.2 μm filter. The solution was spin-coated on indium tin oxides glass at 500-600 r min −1 , and the films were then dried under vacuum at 40 °C for 24 h. The thickness of the films was varied from 2 to 4 μm.
Structure characterization of polymer P1 and P2
The structure of polymers P1 and P2 were characterized by FTIR, 1 H-NMR and UV-Vis spectroscopy. Three characteristic peaks were picked out for the polymer before post-functionalization: (1) the strong vibration absorption peak at 1242 cm −1 confirmed the structure's aromaticity; (2) the absorption peak at 1738 cm −1 confirms the ketone carbonyl; and (3) the wide absorption peak between 3200 and 3500 cm −1 indicates a carboxyl groups. After post functionalization, polymers P1 and P2 show three other characteristic peaks: 1066 cm −1 for C-O-C; 1625 cm −1 for -C=C-; and 2225 cm −1 for -C≡N. The weight-average molecular weights (M w ) of P, P1 and P2 are shown in Table 1 . The weight-average molecular weights of EO polymer P1 and P2 are smaller than polymer P. The polydispersity (M w /M n ) of EO polymers P1 and P2 increase according to polymer P. These results indicate that some of the polymer chain segments of polymer P are broken during the synthesis. The weight-average molecular weights for P1 and P2 are around 10 4 , which is suitable for use as EO materials due to their solubility and machinability.
Solubility of polymer P1 and P2
Next, we measured the solubility of polymers P1 and P2. Both showed good solubility in normal solvents such as N,N-dimethylformamide, acetone, tetrahydrofuran and chloroform. The 30-35 wt% polymers P1 and P2 could be solvated, and these were enough for use in polymer EO device preparation. This solubility is attributed to their large side chains, which could restrain the regular arrangement of the principal chain and reduce the corresponding interactions. In contrast, the films prepared in 1,1-dichloroethane from polymer P1 and P2 are very smooth with no phase separation. These results confirmed that such polymers could be used in the preparation of optical films. Table 1 presents UV-Vis absorption data for P1 and P2 in dichloromethane solution and films. Polymer P2 shows a larger λ max in both dichloromethane solution and film. This result confirms that the energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for chromophore TCP-G was lower than in chromophore TCF-G. The lower energy gap is usually related to higher intra-molecular mobility of the electron cloud for corresponding chromophores. Chromophore TCP-G shows better microscopic electro-optic hyperpolarizability.
Linear optical character of polymer P1 and P2
Thermal characteristics of P1 and P2
The TGA curves for polymers P, P1 and P2 are shown in Fig. 2 . The weight loss of P, P1 and P2 could be divided into two temperature sections. Between 135 and 160 °C, the carboxyl groups were reduced affording anhydride groups. This improved the thermal stability. The P, P1 and P2 polymers started to decompose at 398, 315 and 350 °C, respectively. The thermal decomposition temperatures were 280 and 308 °C for chromophore TCF-G and TCP-G, respectively [51, 52] . The thermal stability was improved by more than 30 °C compared to chromophore TCF-G and TCP-G after attaching the polymer. The high thermal decomposition temperature of these polymers was mainly determined by the special chemical stability of aryl ether ketone. The differential scanning calorimetry (DSC) curves of polymers P, P1 and P2 are shown in Fig. 3 . The glass transition temperatures for polymers P1 and P2 were much lower than their thermal decomposition temperature indicating that all of the polymers had an amorphous structure. Due to the specific structure of the polymer with a large amount of aromatic rings and carboxyl groups, polymer P demonstrates a higher glass transition temperature (158 °C).
The glass transition temperature of P1 improved to 165 °C after introducing chromophore TCF-G, though the electrostatic interactions among the backbone of the polymer were reduced. The glass transition temperature increased because of dipole-dipole interactions among chromophore TCF-G, improvements in hydrogen bonding interactions, and the rigid structure of chromophore TCF-G.
The glass transition temperature of polymer P2 was reduced to 151 °C after introduction of chromophore TCP-G. The reduction in the glass transition temperature for polymer P2 was attributed to the larger modified group in chromophore TCP-G that reduces the dipole-dipole interactions among chromophores as well as minimized hydrogen bonding. Most EO devices are stable at below 100 °C. The glass transition temperature above 150 °C confirms the material's stability in normal device working environments.
The regular structure of poly(aryl ether ketone) determined the interaction among the polymer chain segments. The strong interaction among the polymer chain segments confirmed the high glass transition temperature of the polymers. Such result had positive effects on improving the long term stability of organic EO polymers.
EO efficiency of polymers P1 and P2
Poling is an important process that can align the chromophores. We performed alignment by corona poling under the following conditions: (1) the poling temperature was about 5 °C higher than the Tg of the EO polymer; (2) the poling voltage was about 8 kV; (3) the poling process lasted for 10 min. When the poling process finished, the sample was subsequently cooled to ambient temperature and then the applied voltage was switched off. The poling conditions should be optimized for every kind of EO polymer. During optimization, the poling process showed no damage of the films, and the higher EO coefficients were achieved and reported. The materials were not damaged with a poling voltage of about 8 kV.
After corona poling, the dipole moments of the chromophore moieties in the polymer were aligned, and the absorption curve decreased due to birefringence [38, 39] . From their absorption change, the order parameter (Ф) for polymer was calculated according to the following equation:
A 1 and A 0 are the λ max of the polymer film before and after corona poling, respectively. The UV-Vis spectra before and after poling process are shown in Fig. 4 (left) and 4 (right) for the polymers P1 and P2, respectively. The calculated Ф values are presented in Fig. 4 for P1 and P2 and were equal to 20 and 19%, respectively. This result indicated that the poling efficiency was higher than some other EO polymers; the Ф values were about 14-17% [49, 50] . The EO efficiencies of poled films were determined by a simple reflection technique initially proposed by Teng and Man [40] . The r 33 values were calculated using the following equation:
Here, r 33 is the EO coefficient of the poled polymer, λ is the probing optical wavelength, θ is the incident angle, I c is the output beam intensity, I m is the amplitude of the modulation, V m is the modulating voltage, and n is the refractive index of the polymer films. The EO coefficient usually depends on the concentration of chromophore. The highest obtained r 33 values were 19.3 and 46.5 pm/V, respectively, for EO polymers P1 and P2, respectively at 1310 nm. The largest r 33 values for chromophore TCF-G was equal to about 6.7 pm/V and the r 33 values for chromophore TCP-G was 26 pm/V [39, 44] . For every kind of EO polymer, five simples should be prepared and poled after the optimization of poling conditions. The largest EO coefficients for every EO films are collected and their arithmetic means are determined as their EO coefficients.
To clarify the role of the particular chromophores, we performed additional quantum chemical simulations particularly for the second order hyperpolarizabilities at a wavelength of 1.3 μm. It should be emphasized that the chromophore ground state dipole moments are critical in the EO effect. Chromophores were optimized using Gaussian W09 quantum chemical package [45, 46] . The initial geometries
of the molecules were estimated by the PM6 method, and then optimized using the DFT B3LYP method and the 6-31G basis set [47, 48] . The results show that P1 has a higher dipole moment, but P2 has a larger β magnitude ( Table 2) .
The calculated values of hyperpolarizabilities play more important roles in the prediction of EO efficiencies than dipole moments in the case of polymer amorphous compounds in which monomers are not linked together through electron bridges such as double bonds or aromatic systems. This is also true in our case: the EO coefficient of P2 is higher than that for P1 as well as the hyperpolarizability of P2 is higher than P1.
For most of macromolecules, general dipole moment is not so crucial. Rather, the difference between charges of neighbored electron donors and acceptor parts are more important because huge substituents (such as P2) can significantly change the magnitude of the dipole moment without principal changes in the interaction character of neighboring electron donor and acceptor parts. For amorphous substances, a positively charged center can be involved in electrostatic interactions with negative ones from another part of the macromolecule or another molecule and vice versa. Real polymers have many possible conformations and dipole moments.
Long-term stability of the crosslinking system
The long-term stability of the EO activity is an important property for device fabrication. In later fabrication, the poled EO polymer must resist temperatures up to 80 °C to complete the photolithography. To investigate the long-term NLO stability of the poled polymers, a normalized EO coefficient [r 33 (t)/r 33 (t 0 )] was measured as a function of time at 80 °C. Figure 5 shows that a fast decay was observed in the first 50 h for both P1 and P2. This was due to the recovery of bond angles and bond lengths in the oriented chromophores. Next, the r 33 values remained nearly constant in the remaining time. The initial r 33 values held 80 and 88% of their values after 500 h of heating at 80 °C for P1 and P2, respectively. If the recovery process of bond angles and bond lengths in the aligned chromophores was moved away, the r 33 values at 50 h was settled as the initial values, the long term stability will be improved to another attitude. This will reach up to 93 and 99%, respectively for polymer P1 and P2. Such long term stability was due to the high glass transition temperature of polymer P1 and P2, which was determined by the special structure of ketones in the main chain of these polymers.
In theory, the chromophore in polymer P2 has a larger inter-sertial volume, and polymer P2 should have worse long-term stability [43, 55] . However, Fig. 5 showed opposite results. The structures of P1 and P2 shown in Fig. 1 show that P2 is surrounded by more flexible chains, and the dipole interaction among the chromophore molecules was reduced greatly. Thus, the induced interaction was the main factor influencing the long-term stability of EO polymer. This was greatly reduced, and polymer P2 demonstrated long-term stability.
Conclusions
A novel poly(aryl ether ketone) polymer P with a high glass transition temperature was synthesized based on the monomers of 4,4-bis(4-hydroxyphenyl) pentanoic acid, 2,2-bis(4-hydroxyphenyl) propane and 4,4-difluoro-benzophenone. The organic non-linear optical chromophore TCF-G and TCP-G were attached to polymer P, and afforded us two excellent EO polymers: P1 and P2. These products have good solubility in common solvents, and their high glass transition temperatures confirmed their machinability and stability. The EO films prepared from P1 and P2 had higher EO coefficients (46.5 pm/V) than the host-guest doping system (26 pm/V) [44] . Due to the high glass transition temperatures and poor dipole interactions among the chromophores, these EO polymers have excellent long-term stabilities. Even after heating at 80 °C for 500 h, 89% of the EO activity remains. This was confirmed with additional quantum chemical simulations of the principal molecular fragments. These simulations have shown that the hyperpolarizabilities play more important role in the prediction of EO efficiencies than the ground state dipole moments. This is true for the case of polymer amorphic compounds in which monomers are not linked together through electron bridges including double bonds or aromatic systems.
